Takahashi M, Sugiuchi Y, Shinoda Y. Topographic organization of excitatory and inhibitory commissural connections in the superior colliculi and their functional roles in saccade generation. J Neurophysiol 104: 3146 -3167, 2010. First published October 6, 2010 doi:10.1152/jn.00554.2010. Our electrophysiological study showed that there are topographic connections between excitatory and inhibitory commissural neurons (CNs) in one superior colliculus (SC) and tectoreticular neurons (TRNs) in the opposite SC. To obtain morphological evidence for these topographic commissural connections between the SCs, tracers were injected into various parts of the SC, the inhibitory burst neuron (IBN) area and Forel's field H (FFH), in the cat. Retrogradely labeled CNs were classified into three types according to their somatic areas and identified as GABA-positive or -negative immunohistochemically. Caudal SC injections labeled small GABA-positive CNs (Ͻ200 m 2 ) in the deep layers of the opposite rostral SC. Rostral SC injections mainly labeled medium-sized GABA-negative CNs (200 -700 m 2 ) in the upper intermediate layer of the opposite rostral SC and small GABA-positive CNs in its deeper layers. Lateral SC injections labeled small GABA-positive CNs in the opposite medial SC and mainly medium-sized GABA-negative CNs in its lateral part. Medial SC injections labeled small GABA-positive CNs in the lateral SC and medium-sized GABA-negative CNs in the medial SC. In comparison, TRNs projecting to the FFH or IBN region were large (Ͼ700 m 2 ) and medium-sized. Many of the mediumsized GABA-negative CNs were TRNs projecting to the FFH. These results indicate that mirror-symmetric excitatory pathways link medial to medial (upper field) and lateral to lateral (lower field) parts of the SCs, whereas upper and lower field representations are linked by reciprocal inhibitory pathways in the tectal commissure. These connections presumably play important roles in conjugate upward and downward vertical saccades.
I N T R O D U C T I O N
The superior colliculus (SC) is a laminated structure that plays an important role in controlling orienting behavior, particularly in initiating gaze shifts toward novel visual stimuli. The SC can be functionally subdivided into superficial and deeper layers. The superficial layers contain neurons that receive direct inputs from the retina, whereas the deeper layers contain neurons that exhibit both sensory and motor functions (Grantyn 1988; Guitton 1991; May 2006; Sparks 1986; Sparks and Hartwich-Young 1989) . For saccadic eye movements, tectoreticular neurons (TRNs) in the deeper layers send command signals to burst generators in the midbrain and the lower brain stem to generate vertical, oblique, and horizontal saccades (Grantyn 1988; Izawa et al. 2007; Munoz and Wurtz 1995; Sparks and Mays 1983; Sugiuchi et al. 2005; Takahashi et al. 2005a,b) . TRNs receive excitatory and inhibitory inputs from many areas, such as the visual association cortex, the frontal eye field, substantia nigra pars reticulata, and the cerebellum. Commissural inputs from the opposite SC are also important sources of input to TRNs (Maeda et al. 1979; May 2006; Mize 1992; Moschovakis et al. 1988; Olivier et al. 1998; Takahashi et al. 2005a Takahashi et al. , 2007 .
Initially, the commissural connection between the superior colliculi (SCs) was considered to be mainly inhibitory (Hoffman and Straschill 1971; Infante and Leiva 1986; Maeda et al. 1979; Moschovakis and Karabelas 1982) . This commissural inhibition was originally thought to mediate the "Sprague effect," because cats that received unilateral lesions in the visual cortex recovered from the contralateral hemianopsia in response to either ablation of the SC opposite the cortical lesion or transection of the collicular commissure (Sprague 1966) . Many anatomical and behavioral studies on the collicular commissural connections have been devoted to showing the neural mechanism of the Sprague effect (Stein and Meredith 1993) . However, more recent studies have shown that this effect is mediated by a pathway other than intrinsic collicular commissural neurons (CNs), because transection of the rostral commissure in the SC, where fibers of the intrinsic collicular CNs are known to run, produced no effect, whereas transection of the caudal commissure produced the Sprague effect (Wallace et al. 1989 (Wallace et al. , 1990 .
The other basis of support for the Sprague effect, the idea that the commissural projection is purely inhibitory, has also been shown to be incorrect. Anatomical studies have shown that about one half of the characterized tectotectal projection is GABAergic, and the other half is glutamatergic (Appell and Behan 1990; Olivier et al. 2000) . This ran counter to earlier physiological studies that suggested that the projection was only inhibitory. However, recent electrophysiological studies have shown that a strong excitatory connection exists between the SCs, in addition to commissural inhibition. Furthermore, they showed that excitatory commissural effects were restricted to TRNs in the rostral SC, whereas inhibitory commissural effects extended to TRNs in the entire rostrocaudal extent of the SC (Munoz and Istvan 1998; Takahashi et al. 2005a ). More specifically, a mirror symmetric-like distribution of the excitatory commissural connection was found to connect the medial to medial and lateral to lateral parts of the two SCs, whereas the inhibitory commissural connection was present between the medial part of one SC and the lateral part of the other SC (Takahashi et al. 2007) .
Previous anatomical studies have shown the laminar location and rostrocaudal distribution of commissural neurons, the morphological characteristics of their cell bodies and dendrites, and the properties of tectotectal axon terminals (Behan and Kime 1996; Grantyn and Grantyn 1982; Grantyn et al. 2004; Olivier et al. 1998) . Specifically, the cell bodies of tectotectal CNs were observed primarily in the intermediate gray layer [stratum griseum intermedium (SGI)] and the deep gray layer [stratum griseum profundum (SGP)] (Edwards 1977; Fish et al. 1982; May 2006; Olivier et al. 1998; Yamasaki et al. 1984) . Similarly, the main terminal field of tectotectal neurons arborized in the SGI and SGP (Behan and Kime 1996; Moschovakis and Karabelas 1985) . However, no detailed data are available to show the correlation between this laminar arrangement and the topographical distribution of excitatory and inhibitory commissural neurons in the SC. In addition, the specific morphologies of the inhibitory and excitatory components have not been specified. This information is necessary to determine the functional roles of CNs in eye movements.
This study was aimed at providing morphological correlates for electrophysiologically identified commissural excitation and inhibition of TRNs located in the medial and lateral SC. We used a variety of tracers to establish the mediolateral and laminar distribution of tectotectal neurons and compare it to the distribution of TRNs that project to Forel's Field H (FFH), where excitatory premotor burst neurons for vertical saccades are located, and those that project to the medullary reticular formation, where inhibitory burst neurons (IBNs) for horizontal saccades are located (IBN area). Furthermore, we differentiated excitatory and inhibitory tectotectal neurons by doublestaining retrogradely labeled tectotectal neurons with GABA. Finally, with a retrograde double-labeling method, we examined the contribution of FFH-projecting TRNs to the commissural pathway. The electrophysiological data presented in this study are original and used to supplement the anatomical data and complete their interpretation.
M E T H O D S
Experiments were performed in 25 cats weighing 2.5-5.0 kg. Animal experimentation was conducted in accordance with the "Policies on the Use of Animals and Humans in Neuroscience Research" revised and approved by the Society for Neuroscience in 1995 and the "Guiding Principles for the Care and Use of Animals in the Field of Physiological Sciences" (The Physiological Society of Japan, revised in 2001). The experimental protocol was approved by the Animal Care Committee of Tokyo Medical and Dental University. The animals were initially anesthetized with ketamine hydrochloride (Ketalar, Parke-Davis; 25 mg/kg, im), followed by ␣-chloralose (40 -45 mg/kg, iv, initial dose, supplemented with additional doses of 10 -25 mg/kg, iv, throughout the remainder of the experiment). The heart rate was continuously monitored by an ECG. The body temperature was kept between 38 and 39°C by means of a heating pad. During intracellular recording, the animals were paralyzed by the intravenous administration of pancuronium bromide (Mioblock, Organon, The Netherlands) and artificially ventilated with end-tidal CO 2 held at 35-40 mmHg.
The experimental arrangements for electrophysiological studies were the same as those described in detail previously (Takahashi et al. 2005a (Takahashi et al. , 2007 . Briefly, the parietal and occipital cortex over the SC was removed bilaterally by aspiration to allow the introduction of stimulating electrodes into the right SC and a recording electrode into the left SC under direct visual observation. In two cats, four concentric bipolar stimulating electrodes (ID and OD, 0.1 and 0.3 mm, respectively; interelectrode distance along the longitudinal axis, 1.0 mm) with a 1.0 -1.2 mm rostrocaudal separation were placed along the presumed horizontal meridian of the motor map in the SC on the right side (McIlwain 1986) , and in four cats, such arrays of five concentric bipolar stimulating electrodes were placed in the medial, central, and lateral parts of the rostral SC and in the caudal SC, respectively (see Fig. 7A ). The tips of the SC electrodes were positioned in the intermediate or deep layer (1.5-2.0 mm from the surface) of the SC. For antidromic activation of TRNs projecting to the FFH and IBN region, an array of two concentric bipolar electrodes was stereotaxically placed on each side in the FFH (A: 7.0 -7.5, L: 1.0, 2.5), and separate electrode arrays were placed in the right IBN region contralateral to the recording site in the SC (Takahashi et al. 2005a (Takahashi et al. , 2007 . Negative pulses of 0.2-ms duration were delivered at Ͻ500 A for stimulation of the FFH and IBN region and at 300 A or less for stimulation of the SC.
To examine the distribution of tectal commissural neurons or tectoreticular neurons, 2% solution of wheat germ agglutinin-horseradish peroxidase (WGA-HRP, Toyobo), 12.5% solution of dextranbiotin (DB, Invitrogen), or 0.5% solution of choleratoxin B-subunit (CTx, List Biological Laboratories) was injected with a 1.0-l Hamilton syringe into the lateral or medial part of the left SC in 12 cats or into the FFH or IBN area in 4 cats, respectively. After the parietooccipital cortex overlying the left SC was aspirated, a glass micropipette attached to the needle of a Hamilton syringe was lowered to ϳ1.5-2.0 mm below the SC surface. Injections into the FFH or IBN area were made after electrophysiological identification (Takahashi et al. 2007 ). The volume of solution delivered in each track was 0.1-0.3 l. After a postsurgical survival period of 2-10 days, animals were deeply anesthetized with ketamine hydrochloride (25 mg/kg, im), followed by pentobarbital sodium (50 mg/kg, iv), and perfused with 2 l of 10% sucrose phosphate buffer (0.1 M, pH 7.4) followed by 2 l of a fixative solution containing 4% paraformaldehyde and 0.05% glutaraldehyde with 0.2% picric acid in 4% sucrose phosphate buffer. Frozen serial coronal sections, 70 m thick, were cut on a freezing microtome. The sections were processed to show the injected tracer by use of diaminobenzidine (DAB) as a chromogen with the heavy metal intensification method (Adams 1981; Takahashi et al. 2007 ).
All cats used for GABA immunohistochemistry (n ϭ 7) were perfused intracardially with the same fixative, except that it contained 0.5% glutaraldehyde. Frozen sections (70 m thick) were cut on a freezing microtome. Sections were rinsed in PBS (0.01 M, pH 7.4) and treated for 15 min in 99% methanol-0.3% H 2 O 2 to suppress endogenous peroxide activity. The sections were incubated for 40 h at low temperature in primary antibody against GABA containing 10% normal goat serum (NGS, Vector Laboratories) and 2% BSA (Wako) in PBS. The sections were washed in PBS and incubated for 10 h in biotinylated anti-rabbit IgG (Vector BA-1000) in PBS with 10% NGS and 2% BSA. Next, the sections were washed and incubated overnight in an avidin-biotinylated HRP complex (ABC, Vector Laboratories), and washed through several changes of PBS. They were reacted with DAB to show HRP.
In cases that were used for double labeling, injections of WGA conjugated to apo-HRP conjugated to gold particles (GPs) (15-nm particle size, E-Y Laboratories) was injected into the left SC (Lee et al. 2001) . The survival period after the GP injection was 7-28 days. A gold intensification procedure was used to visualize the GP label (Prochnow et al. 2007) . In this procedure, each individual gold particle produces a small cluster of gold particles, so that the labeled particles that appear in labeled cells are much larger than the original 15-nm gold particles. To examine the existence of collicular neurons that project to both the midbrain and the contralateral SC, GP was first injected into the SC, and at the 12th day after the injection of GP, WGA-HRP or CTx was injected into the FFH. Sections from these brains were treated with DAB to show HRP. To examine whether GP-labeled CNs were inhibitory or excitatory, GP was injected into the SC, and sections from these brains were treated for GABA immunohistochemistry.
The distribution of CNs was examined by plotting retrogradely labeled neurons under a microscope using a camera lucida system and a computer-assisted plotting and reconstruction program (Neurolucida, MicroBrightField, Colchester, VT). Cells were identified by the presence of a nucleus and dendrites. The cross-sectional areas of labeled neurons were analyzed with an oil-immersion objective lens (100ϫ) on a light microscope using a computer-aided reconstruction system (Neurolucida, MicroBrightField) . No corrections for shrinkage or swelling were made in drawing the section outlines. Individual section lines were assembled to reconstruct a dorsal view of the distribution of labeled cells and the extent of the tracer spread within the SC. Horizontal reconstruction of data obtained from coronal sections at equal intervals was made possible by the use of a Neurolucida system.
To show the cytoarchitecture of the SC, the sections were stained for Nissl substance or for cells and myelin with the Klüver-Barrera method. For descriptions of the SC, we adopted the nomenclature of Kanaseki and Sprague (1974) for the cat. As pointed out by Wiener (1986) and Bickford and Hall (1989) , this nomenclature in the cat is consistent with their nomenclature for rodents, although the stratum griseum intermedium (SGI) was divided into three sublayers (SGIa, b, and c) in rodents. In this study, we will refer to the deeper layers of Kanaseki and Sprague [stratum album intermedium (SAI), stratum griseum profundum (SGP), and stratum album profundum (SAP)] as the stratum profundum (SP).
To compare the depth distribution of cells in the SC, the depth of each neuron from the SC surface was measured in the stereotaxic plane (x-y coordinates in Fig. 2A ), but it turned out that this was not a good indicator of the depth of the cell in relation to the laminae of the SC because the surface and underlying layers are curved. Therefore a modified (X-Y) coordinate system aligned with the SC surface ( Fig. 2A ) was adopted, and this provides a better approximation of the general depth distribution of cells in relation to the SC laminae (Fig.  2B) . To define the X-Y coordinates on the plane of the coronal sections of the SC, the frame of reference of the coordinate system was first determined as follows. The midpoint of the dorsal border of the central aqueduct was used as the origin of both the x (horizontal) and y (vertical) axes, and the vertical midline and horizontal line that crossed at this origin were determined as the y-axis and x-axis, respectively. Because the SGI and SAI are almost parallel to the SC surface, the line is drawn tangential to the collicular surface at the middle point of the SC (arrow in Fig. 2A ) in the mediolateral direction. The X-Y coordinates are defined as those that are rotated from this x-y reference frame by °in a clockwise direction, so that the X-axis is parallel to the above-drawn line tangential to the SC surface, and the Y-axis is orthogonal to the X-axis at the common origin (the midline point of the dorsal border of the central aqueduct; x, y, X, and Y ϭ 0) for both coordinate systems. We measured (x, y) values for each labeled neuron in the coronal section of the SC and made a histogram of cell sizes in relation to the X or Y value. Point (x, y) is converted to point (X, Y) as follows: X ϭ x cos Ϫ y sin and Y ϭ x sin ϩ y cos.
R E S U L T S
To examine the functional roles of excitatory and inhibitory CNs in the SC, we analyzed the properties of synaptic inputs from the contralateral SC to TRNs in different rostrocaudal or mediolateral regions of the SC and tried to provide morphological correlates for tectal commissural excitation and inhibition of TRNs in different parts of the SC. The TRNs that were considered in this study were those that projected to the contralateral IBN region and/or the ipsilateral FFH. All lateralities in this study are described with reference to the recording or injection site, if not stated otherwise.
Properties of synaptic inputs from the contralateral SC to TRNs in the caudal SC
All of the TRNs that we studied received strong synaptic inputs from the contralateral SC. Figure 1B shows typical examples of patterns of tectal commissural excitation and inhibition that were recorded in four TRNs located at increasing caudal sites, when stimulation was applied to the most rostral part of the opposite SC. Stimulation of the opposite SC evoked only inhibitory postsynaptic potentials (IPSPs) in caudal TRNs (Fig. 1B, c and d) , whereas the same stimulation evoked strong excitatory postsynaptic potentials (EPSPs) followed by IPSPs in rostral TRNs (Fig. 1B, a and b) . The shortest pathways for both commissural excitation and inhibition from the opposite rostral SC were computed to be predominantly monosynaptic, because their latencies were Յ1.0 ms (see Fig.  4C for example) (Takahashi et al. 2005a (Takahashi et al. , 2007 . Systematic analysis of tectal commissural inputs to TRNs located at different rostrocaudal levels in the SC showed that commissural excitation was evoked only in rostral TRNs on stimulation of the opposite rostral SC, whereas commissural inhibition was evoked in TRNs throughout the entire rostrocaudal extent of the SC on stimulation of the opposite rostral SC (see Fig. 3 ) (Takahashi et al. 2005a) .
To find morphological correlates for tectal commissural excitation and inhibition, we examined the distribution of tectal commissural neurons that projected to the opposite caudal SC. A retrograde tracer (CTx) was injected into the caudal part of the left SC, and the distribution of retrogradely labeled CNs was examined in the right SC (Fig. 1, C and D) . The core of the injection site was located almost in the horizontal meridian of the motor map in the caudal one third of the SC (McIlwain 1986) (Fig. 1C, left) . Retrogradely labeled neurons were located in the rostral half, mainly in the rostral one third of the contralateral SC (Fig. 1C, right) . These neurons were distributed in the intermediate (SGI) and deep layers (SP) but were most dense in the deep layer, as shown in Fig. 1, D (Fig. 1G ). In the other two cases in which an injection was also made into the caudal SC, similar topographic and soma area distributions of labeled neurons were observed in the opposite SC. These results strongly suggest that small rostral CNs in the deeper layers projected to the contralateral caudal SC. They are most likely inhibitory neurons, because caudal TRNs only receive inhibition from the contralateral rostral SC (Fig. 1B) (Takahashi et al. 2007) .
To examine the possibility that small CNs in the rostral SC that project to the caudal SC are GABAergic, we analyzed the soma size distribution of GABA neurons in the SC. The SC has one of the highest concentrations of GABA in the CNS (Okada 1992) , but the greatest number of GABAergic cells is found within the zonal and superficial gray (SGS) layers (51%) (Mize 1988) . However, we excluded these GABA-positive neurons in the SGS from our analysis, because there are few tectal CNs in these layers (Edwards 1977; Olivier et al. 1998 Olivier et al. , 2000 Takahashi et al. 2005a Takahashi et al. , 2007 . Figure 1 , H and I, shows the distribution and cross-sectional areas of GABA-positive neurons in the optic [stratum opticum (SO)], intermediate, and deep layers of the SC. GABA-immunoreactive neurons were evenly distributed throughout the depth of these layers (Fig.  1I) , and their soma areas showed a unimodal distribution, ranging from 42 to 356 m 2 , with a mean value of 123 Ϯ 40 m 2 (n ϭ 3,643; Fig. 1H ). This cell size distribution pattern was remarkably similar to that of retrogradely labeled CNs after caudal SC injection (cf. Fig. 1, G and H) , although the GABA-positive population contained smaller neurons than the caudally projecting commissural population (t-test, P Ͻ 0.001). More than 90% (94.6%) of the GABA-positive neurons in the optic, intermediate, and deep layers had soma areas smaller than 200 m 2 (Fig. 1H ). This finding is consistent with previous results in the cat (Mize 1988) and strongly suggested that small CNs (Ͻ200 m 2 ) that project to the caudal SC might be GABA-positive inhibitory neurons.
To quantitatively analyze the laminar and mediolateral distributions of CNs with respect to their soma size in the SCs, we introduced an adjusted X-Y coordinate system in the SC by defining X (mediolateral location) and Y (depth) axes in the SC relative to its surface, as explained schematically in Fig. 2A . Using this X-Y coordinate system, we reanalyzed the same data as in Fig. 1 , C-I, and compared the laminar distribution and mediolateral location of labeled neurons that projected to the opposite caudal SC (Fig. 2 , C-F) and GABA-positive neurons (Fig. 2, G-J) . The soma areas of most CNs were smaller than 200 m 2 (Fig. 2D ), and they were distributed most extensively from 1.0 to 2.0 mm in the Y coordinate (Fig. 2E) , whereas GABA-positive neurons of the same size ( Fig. 2H) were distributed rather evenly from 1.0 to 3.0 mm (Fig. 2I ). Both groups of neurons were widely distributed in a mediolateral direction (X-coordinate; Fig. 2 , F and J). These findings show that the caudally projecting CNs, even though they were GABAergic neurons, were a special subgroup that were mainly located in the SP and the adjacent part of the SGI.
To directly confirm that small CNs that projected to the caudal SC are GABAergic, we used a double-labeling technique with GP and GABA (Fig. 3) . GP was injected into the horizontal meridian of the caudal part of the left SC (Fig. 3A , left) and GP-labeled CNs were stained with GABA ( Fig. 3 , A, right, and C). Photomicrographs in Fig. 3D show typical examples of a GP-positive, GABA-negative medium-sized CN (Fig. 3Da) , a GP-positive, GABA-positive CN (Fig. 3Db) , and a GP-negative, GABA-positive small neuron (Fig. 3Dc) . Of 579 GP-positive neurons, 392 neurons (67.7%) were also GABA positive. Most of the double-labeled neurons were small (Ͻ200 m 2 ; Fig. 3Bb ), and they were mainly located in the SP and adjacent lower SGI, with a few in the upper SGI (Fig. 3 , Ba and C). GP-labeled GABA-positive neurons were largely distributed in the rostral one third of the SC (Fig. 3Bd ) and were most densely distributed near the horizontal meridian of the opposite SC (Fig. 3Bc) . These findings confirmed that the CNs that projected to the opposite caudal SC were mostly small (Ͻ200 m 2 ) GABAergic inhibitory neurons located in or immediately above the SP of the rostral half of the SC. A similar result was also obtained in another injection experiment (see Fig. 7 
, C-I).
A previous study suggested that individual inhibitory CNs with axon collaterals arborized throughout the rostrocaudal extent of the contralateral SC, because single CNs in the rostral SC were antidromically activated from both the rostral and caudal parts of the opposite SC (Takahashi et al. 2005a ). To confirm morphologically that single small rostral neurons projected not only to the caudal but also to the rostral part of the opposite SC, we injected CTx into the rostral SC in the same FIG. 2. Schematic illustration of the X-Y coordinates in the frontal plane of the SC for analyzing the distribution of labeled tectal CNs. A: definition of the X and Y axes superimposed in the SC after clockwise rotation of the original x-y coordinates by theta () degrees (y-axis: vertical midline, x-axis: horizontal line crossing the dorsal midpoint of the central canal). B: photomicrograph of the coronal section of the rostral SC stained with cresyl violet and superimposed x-y and X-Y coordinates. Roman numerals (II-VII) indicate tectal layers of the cat SC after Kanaseki and Sprague (1974) . II, stratum griseum superficiale; III, stratum opticum; IV, stratum griseum intermedium; V, stratum album intermedium; VI, stratum griseum profundum; VII, stratum album profundum. C and G: calculated X-Y coordinates superimposed on the same representative frontal planes of the SC and retrogradely labeled CNs as shown in Fig cat that received the GP injection in the caudal SC (Fig. 3E , left). In alternate sections of the same SC as in Fig. 3A , we mapped the distribution of CTx-positive neurons that were identified as CNs by prelabeling them with GP injected in the caudal SC (Fig. 3E, right) . Photomicrographs in Fig. 3H show typical examples of a GP-positive, CTx-positive small CN ( Fig. 3Ha ) and a GP-negative, CTx-positive medium-sized neuron (Fig. 3Hb) . Of 375 GP-positive neurons, 265 neurons (70.7%) were also labeled with CTx. The soma areas of the double-labeled neurons were mainly Ͻ200 m 2 (Fig. 3Gb) , and their depth distribution ( Fig. 3F ) was very similar to that of the GABA-positive GP-labeled neurons (Fig. 3C ). In addition, the laminar distribution ( Fig. 3Ga ) and mediolateral ( Fig. 3Gc ) and rostrocaudal distributions ( Fig. 3Gd ) of neurons were very similar to those of the GABA-positive GP-labeled neurons in the same SC ( Fig. 3B , a, c, and d).
These findings indicated that many of the individual CNs in the rostral SC are most likely small inhibitory neurons that project simultaneously to both the caudal and rostral parts of the opposite SC via axon collaterals. 
Properties of synaptic inputs from the opposite SC to TRNs in the rostral SC
In contrast to TRNs in the caudal SC, TRNs in the rostral SC received both excitation and inhibition from the opposite SC (Fig. 1B) . Figure 4B shows a typical example of commissural excitation and inhibition in a TRN in the rostral SC. As shown in these superimposed traces of intracellular records, the onset of excitation (upward arrow) was clearly earlier than the onset of inhibition (downward arrow) in a TRN. Comparison of the onsets of commissural excitation and inhibition indicated that the onset of excitation (0.9 Ϯ 0.2 ms, n ϭ 35) was shorter by an average of 0.3 ms than the onset of inhibition (1.2 Ϯ 0.2 ms, n ϭ 37; t-test, P Ͻ 0.001; Fig. 4C ). Because both were monosynaptic (Takahashi et al. 2005a) , this difference in latency indicated that the spike conduction velocities of inhibitory CNs were much slower than those of excitatory CNs. This electrophysiological finding suggests that cell bodies of excitatory CNs might be larger than those of inhibitory CNs.
To examine the laminar and topographic distributions of excitatory and inhibitory CNs, we injected a tracer into the horizontal meridian of the motor map in the rostral part of the left SC (Fig. 4D, left) and studied the laminar distribution and cell size of tectal CNs that were retrogradely labeled in the right SC (Fig. 4, D-K) . Retrogradely labeled neurons were observed only in the rostral half of the contralateral SC (Fig.  4D, right) , and this rostral location of labeled neurons was similar to that of CNs projecting to the caudal SC (Fig. 1C) . However, the distribution of the cross-sectional areas of rostrally projecting CNs (Fig. 4H ) was different from that of caudally projecting CNs (Figs. 1G and 3Bb ). Among the rostrally projecting CNs, there were two groups of neurons (Fig. 4H) . In one group, neurons were smaller than 200 m 2 (Fig. 4, D and E, ) and their soma area distribution pattern (Fig. 4H ) was very similar to that of the caudally projecting CNs (Figs. 1G and 3Bb). In the other group, neurons were larger than 200 m 2 (Fig. 4 , D and E, OE), and they were not present among the caudally projecting CNs (Fig. 1G) . Because 97% of the latter CNs were smaller than 700 m 2 , we called these neurons medium-sized neurons (soma areas between 200 and 700 m 2 ). Figure 4F shows photomicrographs of two examples of medium-sized CNs in the SGI. Figure 4Fa shows a mediumsized CN that was located in the upper SGI where most medium-sized CNs were observed. Another example of a medium-sized neuron in the middle SGI is shown in Fig. 4Fb . In this neuron, a labeled axon could be traced into the predorsal bundle area. Therefore this CN was considered to be also a projection neuron (see Fig. 11 ). CNs were either medium-sized or small and did not involve large neurons (Ͼ1,000 m 2 ) that were often observed among TRNs that projected to the IBN area (see Fig. 6 ). Figure 4G shows such a typical large TRN for comparison. The depth profiles of the laminar distribution of these medium-sized and small CNs were different: mediumsized neurons were distributed in the SGI, especially in the upper SGI, whereas small neurons were concentrated in the SP and lower SGI (Fig. 4, E and I ). These findings, together with our electrophysiological result that commissural excitation was recorded only from rostral TRNs on stimulation of the contralateral rostral SC (Fig. 1B) , suggest that the medium-sized CNs (200 -700 m 2 ) are excitatory neurons. These mediumsized CNs were distributed in the opposite SC in a pattern that was almost mirror-symmetric to the injection site (Fig. 4 , D and J), although the labeled CNs as a whole were distributed most densely around the horizontal meridian of the motor map in the opposite SC (Fig. 4K ).
Laminar distribution of TRNs projecting to the FFH and IBN area
As shown in the preceding section, CNs larger than 200 m 2 are most likely excitatory neurons. Furthermore, it seemed highly likely that some of these medium-sized CNs are projection neurons that send their main axons outside the SC, such as to the FFH, paramedian pontine reticular formation (PPRF), and IBN area (Moschovakis and Karabelas 1985; Takahashi et al. 2005a Takahashi et al. , 2007 . Figure 5 , A and B, shows an example of records from a TRN that projected to the FFH with an axon collateral to the opposite SC. This TRN was antidromically activated from the ipsilateral FFH ( (Fig. 5B , sites 5-7) but not from the caudal sites (Fig. 5A , sites 8 and 9) of the opposite SC. The latencies of the antidromic spikes were 0.4, 0.7, and 0.55 ms from sites 5, 6, and 7, respectively, indicating that different axonal branches of a commissural collateral were activated at sites 6 and 7, rather than a single passing fiber at these sites (Shinoda et al. 1986) . Therefore this TRN in the lateral SC sent its commissural collateral to the lateral part of the opposite SC. As shown in this example, TRNs were a good candidate for the mediumsized excitatory CNs we observed anatomically (Fig. 4) .
To examine the anatomical properties of TRNs projecting to the FFH or IBN area and to compare the soma area and laminar distribution of these collicular output neurons with those of CNs, we injected a tracer into the burst neuron area for either vertical saccades (FFH; Fig. 5C ) or horizontal saccades (IBN area; Fig. 6A ) and examined the soma size and laminar distribution of TRNs labeled retrogradely in the SC. Figure 5 , G and H, shows the tectal distribution of FFH-projecting TRNs. DB was injected into the ipsilateral FFH, because the pathway from the SC to vertical burst neurons in the FFH is mainly ipsilateral (Izawa et al. 2007 ). Retrogradely labeled neurons following an injection into the FFH can be classified into three groups of neurons by their cell area. In one group, neurons are smaller than 200 m 2 (), another group of neurons between 200 and 700 m 2 (OE), and another group of neurons larger than 700 m 2 (ϫ; shows laminar locations of the labeled neurons. Retrogradely labeled neurons were mainly located in the SGI, with some neurons in the SP and the optic layer of the SC, between 1.5 and 2.7 mm from the surface (Fig. 5I) . Typical examples of a medium-sized (short arrow) and a large TRN (long arrow) in Fig. 5F are shown in higher magnification in Fig. 5, D and E, respectively. These neurons were multipolar with dendrites that extended radially. As shown in Fig. 5G and confirmed in Fig. 5J , the labeled neurons were concentrated in the rostral part of the SC. Furthermore, most of the labeled cells were observed in the lateral SC in this example (Fig. 5K) . The A: experimental set-up for examining the presence or absence of a tectal commissural collateral of a TRN projecting to the FFH. B: a TRN projecting to the FFH with a commissural collateral to the opposite SC. This TRN was recorded from the lateral part of the rostral SC and was antidromically activated from the ipsilateral FFH at 300 A (B1), but not from the contralateral OPN (sites 10 -12) (B10) and IBN areas (sites 13-15) at 500 A (B13). Antidromic spikes were also activated from the rostral sites at 135 (B5), 25 (B6), and 80 A (B7) but not from the caudal sites (sites 8 and 9) of the opposite SC at 500 A (B8 -B9). C-L: distribution of retrogradely labeled TRNs in the right SC after tracer injection into the right FFH. C: injection site in the right FFH. DB solution (0.1 l ϫ 2 points, total 0.2 l) was injected into the FFH (6.6 and 7.7 mm from the thalamic surface). Survival time, 10 days. 2 . In contrast to FFH-projecting TRNs, TRNs that were retrogradely labeled after contralateral IBN-area injection were distributed more widely (Fig. 6B) and almost evenly in a rostrocaudal direction (Fig. 6G ). They were concentrated along the horizontal meridian of the SC motor map (Fig. 6, B and H) , and a skewed deviation of the mediolateral distribution was not observed for IBN area-projecting neurons (Fig. 6H) . The crosssectional areas of these labeled neurons ranged from 118 to 1,687 m 2 (721 Ϯ 330 m 2 , n ϭ 274; Fig. 6I ). Among the IBN-projecting TRNs, 50.7% of the labeled cells were larger than 700 m 2 , and we call these neurons large neurons. In particular, the TRNs projecting to the IBN area contained very large neurons (Ͼ1,000 m 2 ), which were not observed in the commissural population, and they were abundant within the caudal part of the SC (Fig. 6B) . Photomicrographs in Fig. 6 show typical examples of large neurons in the SC labeled by injection into the IBN area (Fig. 6, D and E) and show laminar locations of the labeled neurons in the SC (Fig. 6F) . Retrogradely labeled neurons were mainly located in the SGI with some neurons in the SP of the SC, at 1.4 -2.7 mm from the surface (Fig. 6J) . The soma areal and laminar distributions of the FFH-or IBN area-projecting TRNs suggest that many medium-sized CNs in the rostral SC are likely to be excitatory neurons that could also send their axons to the FFH or IBN area.
Mediolateral distribution of excitatory and inhibitory CNs projecting to the opposite lateral SC
Thus far, we showed that small GABA-positive commissural neurons in the rostral SC project throughout the opposite SC, whereas GABA-negative medium-sized CNs (soma areas, 200 -700 m 2 ) in the rostral SC project exclusively to the rostral part of the opposite SC. Based on these findings, we further analyzed the topographic projection of excitatory and inhibitory CNs to TRNs by examining their synaptic inputs by electrophysiological methods and by making tracer injections into the lateral or medial part of the caudal or rostral SC.
Stimulation of different parts of the contralateral SC evoked inhibition in virtually all of the TRNs examined throughout the rostrocaudal extent of the SC (Fig. 1B) . However, the observed inhibition might be caused by the activation of passing fibers originating from CNs lateral to the stimulation site. To examine whether TRNs in the lateral SC received commissural inhibition from the medial or lateral SC, we stimulated the medial and lateral sites of the opposite rostral SC while recording intracellular potentials from TRNs in the caudal lateral SC. Figure 7 , A and B, shows an example of commissural synaptic inputs to a TRN in the lateral part of the caudal SC. In this TRN, stimulation of the rostral SC (sites 5-7 in Fig.  7A ) evoked short-latency inhibition (Fig. 7B, sites 5-7) , whereas stimulation of the caudal SC (sites 8 and 9) evoked longer-latency inhibition (Fig. 7B, sites 8 and 9) . Stimulation of the medial part of the rostral SC evoked large monosynaptic inhibition with a latency of 0.8 ms at 250 A (Fig. 7B, site 5) , whereas progressively smaller inhibition was evoked with more lateral stimulation at the same strength (Fig. 7B, sites 6 and 7). This indicates that inhibitory CNs that terminated on lateral TRNs were mainly located in the medial SC (see also Fig. 11 , E-G, in Takahashi et al. 2007) .
To show that inhibitory CNs that projected to the lateral part of the opposite caudal SC are distributed in the medial SC, we injected GP into the lateral part of the caudal SC (Fig. 7C, left) and performed combined GP and GABA staining. Figure 7 , C and D, shows the distribution of double-labeled neurons in the opposite SC. The CNs that were double-labeled with GP and GABA were observed mainly in the medial part of the rostral SC (Fig. 7G) and not in the rostrolateral or caudal parts of the SC (Fig. 7C, right) . Most of these neurons were small (Ͻ200 m 2 ; Fig. 7 , F and H) and located most abundantly in the deep layer (SP), with a smaller number of neurons in the lower SGI (Fig. 7, D and  I) . If we consider these findings together with the electrophysiological results, it is safe to conclude that small GABA-positive CNs that inhibit TRNs in the lateral part of the caudal SC are located in the deep layer of the medial part of the opposite rostral SC. The single-cell morphologies of two presumed inhibitory CNs are shown in Fig. 7E . These Golgi-like stained small neurons were presumed to be inhibitory CNs, because they were retrogradely labeled with DB following an injection into the caudolateral SC similar to the one shown in Fig. 7C and were located in the SP of the medial part of the opposite rostral SC.
In contrast to caudolateral TRNs, TRNs in the lateral part of the rostral SC received commissural excitation from the lateral SC in addition to commissural inhibition from the medial SC. An example is shown in Fig. 8B . This TRN was located in the lateral part of the rostral SC and was antidromically activated from the ipsilateral FFH (site 1 in Fig. 8A) . Stimulation of the lateral SC (site 7 in Fig. 8A ) caused only excitation (Fig. 8B,  site 7) , but stimulation of the medial SC (site 5) produced large excitation followed by inhibition (Fig. 8B, site 5) . As in this example, TRNs in the rostrolateral SC received commissural inhibition from the medial SC, as seen with TRNs in the caudolateral SC, and also received commissural excitation from both the medial and lateral SC, suggesting that this excitation might be ascribed to excitatory CNs in the lateral SC.
To provide morphological support for the electrophysiological interpretation, we determined the mediolateral distribution of excitatory and inhibitory CNs in the rostral SC by injecting a retrograde tracer into the rostrolateral part of the SC. Figure 8 , C-K, shows a typical example of a DB injection into the lateral part of the rostral SC. The core of the injection site was located in the lateral one third of the rostral SC and extended from the intermediate layer to the deep layer (Fig. 8, C, left and D, b and c) . Retrogradely labeled neurons were observed over the mediolateral extent of the opposite rostral SC (Fig. 8C, right) and consisted of both small (Ͻ200 m Fig. 8I, OE) . The relationship between the soma area and the mediolateral location of each neuron shows that the medial SC (medial to 1.2 mm) contains small neurons almost exclusively, whereas almost all the medium-sized neurons were located in the lateral SC (lateral to 1.2 mm), and this difference in somatic area between the medial and lateral SC was statistically significant ( Fig. 8H; 2 test for 2 independent samples, P Ͻ 0.001). Moreover, the medium-sized neurons in the lateral SC were located more superficially (in the upper SGI of the SC) than the small neurons in the medial SC (in the SP and its adjacent SGI; Fig. 8D ), and this depth distribution of the CNs was significantly different between the medial and lateral SC ( Fig. 8J; 2 test, P Ͻ 0.001). Photomicrographs in Fig. 8 , E and F, show laminar locations of the labeled neurons, fibers, and terminals of the same SC as in Fig. 8C . Labeled fibers around the midline of the SC contained both anterogradely and retrogradely labeled axons, and after crossing the midline, these fibers were observed mainly in the SP. Some of these fibers could be followed to their cell bodies: when their cell bodies were found in the medial SC, they were small neurons and located in the SP of the SC (vertical arrowheads in Fig. 8E ). Anterogradely labeled axons and their axon terminals were mainly observed in the SGI and SP in the medial SC. In contrast, when their cell bodies were found in the lateral SC, they were medium-sized and located mainly in the SGI of the SC (horizontal arrowheads in Fig. 8E ). Anterogradely labeled axons and their axon terminals were abundantly observed in the SGI and SO in the lateral part of the SC around retrogradely labeled neurons (Fig. 8F) . Photomicrographs in Fig. 8G show typical examples of a medium-sized CN in the lateral SGI (Fig.  8Ga) and a small CN in the medial SP of the SC (Fig. 8Gb) .
To confirm that, among CNs projecting to the rostrolateral SC, the small neurons in the medial SC are GABAergic and the medium-sized neurons in the lateral SC are non-GABAergic, we labeled GP-labeled CNs with GABA antibody. Figure 9 shows a typical example of the tectal distribution of GABA-positive and -negative CNs after the injection of GP into the lateral part of the rostral SC. The core of the injection site was located in the intermediate layer of the lateral one third of the rostral SC (Fig. 9,  A, left, and B) . GP-labeled neurons were observed throughout the mediolateral extent of the contralateral rostral SC (Fig. 9A, right) . Among these GP-labeled cells, one group of neurons was GABApositive () and the other group was GABA-negative (OE and ). GABA-positive GP-labeled neurons (Fig. 9, A and B, ) were mostly small neurons with soma areas that ranged from 80 to 275 m 2 (Fig. 9C , filled columns; 155 Ϯ 42 m 2 , n ϭ 78), whereas medium-sized neurons with soma areas that were larger than 200 m 2 were almost exclusively GABA-negative (Fig. 9C , open bars). In addition, there were many GABA-negative CNs that had soma sizes of Ͻ200 m 2 (Fig. 9, A and B, ) . As shown in Fig. 9, A and B medial part of the opposite rostral SC, whereas GABA-negative CNs (OE) were localized in the lateral part of the opposite rostral SC. GABA-positive CNs in the SC were found medially (Fig.  9E) , in the deeper layers, below 2.0 mm on the Y axis (Fig. 9F) , and were smaller than 200 m 2 , whereas GABA-negative CNs in the lateral SC (Fig. 9E) were medium-sized (Fig. 9D ) and were also found in the more superficial layer, above 2.0 mm on the Y axis (Fig. 9G) . In addition to the medium-sized neurons, small GABA-negative CNs were scattered in the SGI of the lateral SC (Fig. 9H) . These GABA-negative neurons, although they were smaller than 200 m 2 , are likely to be excitatory CNs. Therefore we concluded that excitatory commissural projection exists from the lateral part of the rostral SC to the lateral part of the opposite rostral SC, whereas GABAergic inhibitory commissural projections exist from the medial part of the rostral SC to the lateral part of the opposite rostral SC. This morphological finding is consistent with the electrophysiological results (Fig. 8B) 
Tectal mediolateral distribution of excitatory and inhibitory CNs projecting to the medial SC
To compare tectal commissural inputs to lateral and medial TRNs, we recorded intracellular potentials from TRNs in the medial part of the rostral SC and examined their synaptic inputs from the opposite lateral and medial SC. Figure 10 , A-C, shows an example of the effect of stimulation of the contralateral SC on a rostromedial TRN. In this TRN, stimulation of the SC evoked monosynaptic excitation followed by inhibition at 280 A (Fig.   10B ). Although excitation was greater from the medial site (Fig.  10B, site 5) than from the lateral site of the rostral SC (Fig. 10B,  site 7) , inhibition was almost the same from all of the medial and lateral sites. When stimulus intensity was decreased to 40 A at the same stimulus sites, EPSPs evoked by the most medial site (Fig. 10C , site 5) were larger than those evoked by the more lateral stimulation sites.
To confirm these electrophysiological findings, we examined the mediolateral distribution of excitatory and inhibitory ) . B: excitatory inputs followed by inhibitory inputs in the TRN that were evoked by stimulation of sites 5-9 in the opposite SC. EPSPs were considered to be monosynaptic, because they were evoked at latencies of 0.6 -0.9 ms at 280 A. C: commissural monosynaptic EPSPs evoked by double-pulse stimulation of the opposite SC at a lower stimulus intensity ( CNs projecting to the medial part of the opposite SC by injecting a tracer into the medial part of the left rostral SC (Fig.  10D, left) . A tracer was injected into the upper SGI to minimize the fiber of passage problem (Fig. 10E) . Retrogradely labeled neurons, both medium-sized (OE) and small neurons (), were observed throughout the mediolateral extent of only the rostral SC (Fig. 10D, right, and E) . The distribution of the soma areas in Fig. 10F was very similar to that of the CNs projecting to the lateral SC (Fig. 8I) . The labeled neurons were distributed in the SGI and SP throughout the entire mediolateral extent of the SC (Fig. 10J) . However, medium-sized neurons were located in the SGI, mostly between 2.3 and 3.5 mm at the Y-axis (Fig. 10,  G and H) , and were more abundantly distributed in the medial part, which is almost symmetric to the injection site (skewness test, P Ͻ 0.001; Fig. 10, K and L, top histogram) . In contrast, small neurons (Ͻ200 m 2 ), which were mainly located below 2.0 mm (Fig. 10I) , were distributed more densely in the lateral part than in the medial part of the SC (Fig. 10L, bottom  histogram) . Although present, the mediolateral dissociation of small and medium-sized CNs was not as clear as in the case of lateral SC injection (Fig. 9E ). This limited dissociation is most likely caused by the labeling of passing fibers of CNs that originate in the lateral SC but pass through the medial injection site. Nevertheless, the overall pattern suggests that mediumsized CNs were located mainly in the mirror-symmetric medial part and sparsely in the lateral part of the rostral SC, and small neurons in the deeper layers tended to be more abundantly distributed in the lateral SC.
Existence of excitatory tectotectal neurons that also project to the premotor area for vertical saccades
To show that medium-sized CNs in the SGI involve TRNs with tectotectal collaterals, GP was injected into the left rostral SC (Fig. 11A, left) , and WGA-HRP was injected into the right FFH (data not shown) to test for double-labeling. Neurons that were double-labeled with GP and WGA-HRP were observed in the rostral part of the right SC (Fig. 11A, right) , and they were distributed more densely in the SGI than in the deeper layers (Fig. 11B) . The double-labeled neurons were medium-sized and included many small neurons Ͻ200 m 2 , but these small neurons were not Ͻ150 m 2 and were mostly larger than GABA-positive small neurons (Fig. 11C) . Most FFH-projecting neurons were distributed at depth between 1.5 and 3.0 mm in the SGI (91.3%), with a peak density at 2.0 mm (Fig. 11D,  left) . Within this depth range of the distribution, the doublelabeled neurons were mostly found at depths between 1.5 and 3.0 mm (88.3%), with density peaks at 1.8 and 2.4 mm (Fig.  11D, right) . Therefore FFH-projecting TRNs with axon collaterals to the opposite SC were located mainly in the middle layer of the SGI. Consequently, it is safe to conclude that at least some of the commissural excitation in the SC is mediated by tectotectal collaterals of TRNs that project to the FFH.
D I S C U S S I O N
In this study, we showed the tectal localizations of TRNs projecting to premotor areas for vertical and horizontal saccades. TRNs projecting to the IBN area were most abundantly distributed around the horizontal meridian of the motor map (Fig. 6B) , whereas TRNs projecting to the FFH were more predominantly distributed along the vertical meridian of it (Fig.  5G) . TRNs of both groups were less concentrated in the caudal SC, especially in the caudal one third. Tectal CNs mainly consisted of medium-sized excitatory neurons and small GABAergic inhibitory neurons. Both of them were localized mainly in the rostral half of the SC, and inhibitory CNs were located deeper than excitatory ones (Fig. 9) . This study further showed that excitatory commissural projections connect the medial part of one SC to the medial part of the other SC and the lateral part of one SC to the lateral part of the other. In contrast, GABAergic inhibitory commissural projections connect the medial part of one SC to the lateral part of the other SC, and vice versa. Some of the medium-sized CNs are TRNs that send their main axons to the ipsilateral FFH. Taken together, these results provide morphological correlates for our previous electrophysiological finding of commissural mirror-symmetric excitation and reciprocal inhibition between the two SCs (Takahashi et al. 2007 ). We will discuss the limitations of our electrophysiological and anatomical approaches and the possible functional roles of tectal commissural excitation and inhibition in the control of vertical and horizontal saccades.
Cell size and its relationship to excitatory and inhibitory CNs
Previous studies using retrograde transport of HRP reinforced the idea of anatomical parcellation within the SC by showing that collicular neurons that project to different brain stem structures can be distinguished according to their size and topographical distribution (Grantyn and Grantyn 1982; May 2006; Olivier et al. 1998) . In this study, we divided collicular neurons into three groups based on their somatic cross-sectional areas: small (Ͻ200 m 2 ), medium-sized (200 -700 m 2 ), and large neurons (Ͼ700 m 2 ). The commissural neurons labeled by injection into the opposite caudal SC had a somatic area of from 62 to 562 m 2 , with a mean of 157 m 2 . We assumed that these small, rostral, CNs were GABAergic neurons, because caudal SC neurons only received commissural inhibition from the opposite rostral SC (Fig. 1B) (Takahashi et al. 2005a (Takahashi et al. , 2007 . GABAergic neurons in the SC are known to be small to medium-sized in the cat (55-456 m 2 , mean ϭ 127 m 2 ) (Mize 1988) , and the soma area distribution of the present small CNs is compatible with that of GABAergic neurons. Finally, double-labeling with GP and GABA confirmed that small rostral neurons that project to the opposite SC are GABAergic neurons located mainly in the SP and adjacent SGI. However, a large number of GABAergic neurons had even smaller soma area than the double-labeled GABAergic CNs (Fig. 1, G and H) . These noncommissural GABAergic neurons in the SGI are most likely ipsilaterally projecting local interneurons (Behan et al. 2002; Lee and Hall 2006; Meredith and Ramoa 1998; Mize 1988) . In addition, double-labeling with GP and CTx showed that individual GABAergic CNs can project to both the rostral and caudal parts of the opposite SC via axon collaterals. This anatomical finding confirmed previous electrophysiological results (Takahashi et al. 2005a) .
The somatic areas of CNs that projected to the rostral (Fig.  4H ) or caudal SC (Fig. 1G) on the opposite side were very different. This difference resulted from the presence of mediumsized neurons among CNs that projected to the rostral SC. In previous electrophysiological studies, we showed that strong excitatory commissural connections exist only between the rostral parts of the SCs (Takahashi et al. 2005a (Takahashi et al. , 2007 , where the vertical meridian of the motor map is represented (McIlwain 1986) . Presumably, these medium-sized CNs in the SGI might be a morphological correlate for commissural excitation in the SC. Double-labeling of neurons with GP and GABA confirmed that medium-sized GP-positive commissural neurons were largely GABA negative. In fact, most GABA-negative CNs are glutamate positive in the cat SC (Olivier et al. 2000) . These excitatory CNs may be either intratectal neurons or TRNs with commissural axon collaterals (Moschovakis and Karabelas 1985) . It is likely that these TRNs with commissural collaterals transmit signals that are related to saccades or fixation (Takahashi et al. 2005a (Takahashi et al. , 2007 . Double labeling in this study confirmed that some of the medium-sized FFH-projecting TRNs had axon collaterals extending to the opposite SC (Fig. 11) . This result is consistent with the intracellular staining data that T cells (660 Ϯ 300 m 2 , n ϭ 16), which were defined as neurons that send at least one axon collateral to the opposite SC, are smaller than other TRNs (1,620 Ϯ 580 m 2 , n ϭ 45; X-cells) (Moschovakis and Karabelas 1985) .
A large number of tectal neurons larger than 700 m 2 were observed after injection into the IBN area (Fig. 6I) , and a much smaller number of such large neurons were observed after injection into the FFH (Fig. 5L) . Only a few such large neurons were found among the CNs projecting to the contralateral rostral SC (Figs. 4H and 8I ). Therefore most of these large neurons are considered to be projection neurons that have no collaterals to the contralateral SC. Large neurons of this type are comparable to X-neurons reported previously (Moschovakis and Karabelas 1985) , in that they are the largest among the collicular neurons and have no commissural collaterals to the opposite SC. We assume that FFH-projecting neurons that are related to vertical saccades are located in the rostral SC because the vertical meridian is represented there, whereas IBN-projecting neurons are located in the middle of the mediolateral extent of the SC because they are related to horizontal saccades McIlwain 1986; Robinson 1972) . The medium-sized neurons labeled by injections into either the FFH or IBN area mainly occupied the lower SGI (around 2.0 mm in the Y axis), suggesting that some TRNs might give rise to axons projecting to both vertical and horizontal burst neuron areas in the brain stem. Our previous electrophysiological study supports this suggestion, because many intracellularly recorded TRNs were antidromically activated from both the ipsilateral FFH and the contralateral IBN area. These TRNs presumably direct oblique eye movements (Takahashi et al. 2005a) .
The exact tectal distribution of TRNs projecting to premotor neurons for vertical and horizontal saccades has not been identified anatomically yet. The cat possesses a rather limited oculomotor range ) and cannot fixate a visual target whose angular distance from the area centralis exceeds 25°without moving its head, although the retinal projection to the superficial layers covers Յ80°of the visual field (Feldon et al. 1970 ). This result indicates that TRNs projecting to the FFH are located in the rostral half of the SC (93.5% in Fig. 5G ), and excitatory CNs are also rostrally located along the vertical meridian of the motor map (Figs. 4D  and 9A ). These distributions of tectotectal CNs and FFHprojecting TRNs seem to be restricted to the collicular area where the visual space corresponding to the oculomotor range (Ͻ25°) is represented. To orient toward targets outside this range, the cat must use a coordinated eye-head movement . However, this finding does not necessarily exclude the possibility that the rostral collicular area includes TRNs controlling neck movements. Therefore another study is needed to examine the tectal distribution of TRNs innervating neck muscles. Large neurons are distributed throughout the SC, with a greater abundance along the horizontal meridian of the motor map (Fig. 6B) , and the distribu- tion of IBN area-projecting TRNs extended somewhat more caudally, beyond the 50°representation along the horizontal meridian, although 64% of the TRNs are in the rostral half (Fig. 6G) . However, one technical point should be made: an injection site of a tracer into the IBN area (1.0 mm lateral to the midline) was so close to the tectospinal tract running caudally along the midline (Verhaart 1964 ) that tectospinal neurons projecting to the cervical cord might be involved in retrogradely labeled neurons in the SC, especially in the caudal one third of the SC (Coulter et al. 1979; Muto et al. 1996) .
Laminar distribution of collicular neurons
Differences in laminar location have been reported for tectal efferents and afferents (Huerta and Harting 1984; May 2006) . Tectospinal neurons are mainly located in the intermediate and deep layers in the cat (Murray and Coulter 1982) . TRNs projecting to the PPRF are abundantly distributed in the SGI throughout its rostrocaudal extent, with some TRNs in the deeper layers of the SC (Bickford and Hall 1989; May and Porter 1992; Olivier et al. 1991) . Our findings in the cat are consistent with results in the rat (Bickford and Hall 1989) , in that more labeled neurons were located in the SGI than beneath it after injections into the FFH (Fig. 5 ) or IBN area (Fig. 6 ). This result clearly showed that small inhibitory CNs projecting to the opposite SC are located more abundantly in the deep layer of the SC, but medium-sized excitatory CNs are located more abundantly in the intermediate layer, especially in the upper SGI. Because CNs have not previously been classified in terms of the soma area, this clear difference in the laminar distribution of small inhibitory and medium-sized excitatory CNs has not been noticed thus far. According to Mize (1988) , the ratio of GABA-positive neurons to GABA-negative neurons was relatively constant within the superficial layers and the intermediate gray layer and decreased gradually below the latter layer. This tendency was not observed in CNs. Because, in this study, inhibitory CNs were located more abundantly in the SP, with a small number of such neurons in the SGI (cf. Fig. 2 , E and I), this suggests that most GABAergic cells in the SGI may instead be local circuit neurons ). This idea is supported by the fact that those GABAergic cells in the SGI were much smaller than the GABAergic CNs (cf. Fig. 1H with Figs. 1G, 3B, and 7F). Physiological evidence for ipsilaterally projecting intrinsic inhibitory connections was observed in the intermediate collicular layers in the ferret (Meredith and Ramoa 1998) . Therefore this difference in the depth distribution of GABAergic neurons also suggests that GABAergic CNs are located mainly in the deep layer of the rostral SC, whereas ipsilaterally projecting GABAergic intrinsic interneurons are located more abundantly in the SGI and are found throughout the SC.
This study showed that medium-sized CNs in the rostral SC were non-GABAergic and most likely excitatory, based on the correlation between topographic patterns of monosynaptic commissural excitation and commissural connections of mediumsized neurons in the SC (Figs. 8 and 10 ). These CNs were considered glutamatergic, because equal numbers of tectotectal cells have been reported to be GABAergic and glutamatergic (Olivier et al. 2000) . These medium-sized (200 -700 m 2 ) non-GABAergic tectotectal neurons were located in the intermediate layer of the SC, and these were more dense in the upper SGI. In contrast, output projection neurons that were labeled after injection into the FFH or IBN area were present in both the intermediate and deep layers of the SC, but these TRNs were much more dense in the lower SGI. However, the distributions of TRNs and non-GABAergic medium-sized CNs overlapped within the middle of the SGI. In this region, the existence of medium-sized neurons that projected to both the ipsilateral FFH and the contralateral SC was shown by double labeling (Fig. 11) . In a previous cat study, collicular neurons in layers beneath the SGS were subdivided into two main classes: T-and X-cells. T-cells are smaller and are more superficially located than X-cells in the SC (Moschovakis and Karabelas 1985) . Judging from the projection patterns, laminar distribution, and somatic areas, these medium-sized CNs are very similar to T-cells. Intracellularly, labeled T axons emit a variable number of collaterals that project outside the SC (Moschovakis and Karabelas 1985) . Because tectal projection neurons are usually excitatory, their T-cells are most likely excitatory CNs rather than inhibitory neurons. However, some GABAergic neurons have recently been shown to project outside the SC. It has been reported that some SGI neurons projecting to the ipsilateral mesencephalic reticular formation are GABAergic neurons (May et al. 2005) , and some SC neurons that project to the substantia nigra pars compacta are GABAergic (Comoli et al. 2003) . Therefore the T-cell population might contain GABAergic cells. Double labeling with CTx and GP showed that FFH-projecting neurons without tectal commissural collaterals were larger and more abundant in the lower SGI, and those with tectal commissural collaterals tended to be located more superficially in the SGI. In addition, a smaller number of TRNs with commissural collaterals were observed in the SP. Tectothalamic neurons are mainly located in the SGS (Bickford and Hall 1989), but some thalamic nuclei such as the paraventricular nucleus (Krout et al. 2001) , central lateral nucleus (Yamasaki et al. 1986) , and the mediodorsal nucleus (Bickford and Hall 1989; Harting et al. 1980 ) are innervated by the deeper SC layers. Therefore TRNs with commissural collaterals might include such tectothalamic neurons.
Different mediolateral projection patterns of excitatory and inhibitory CNs
The spatial distribution of CNs has been examined anatomically, and their projections show diverse patterns (Behan and Kime 1996; Bickford and Hall 1989; Edwards 1977; Fish et al. 1982; Magalhães-Castro et al. 1978; Olivier et al. 1998) . It is generally stated that the main target of tectotectal neurons is a mirror-symmetric region of SGI in the opposite SC (Behan and Kime 1996; Edwards 1977; May 2006; Rhoades et al. 1986 ), but this study showed that this is an oversimplification. In this study, injection into the caudal SC labeled CNs in the rostral SC (Fig. 1C) , and injection into the medial or lateral part of the rostral SC labeled CNs in the entire mediolateral extent of the rostral SC on the opposite side (Figs. 9A and 10D ). Some factors lay behind the differences between these and previous findings. Edwards (1977) first reported that more commissural fibers arose from the lateral than from the medial SC and many fibers interconnected corresponding points in the two SCs, because he found that only lateral injections labeled cells in the opposite lateral SC. However, Magalhães-Castro et al. (1978) could not observe the point-to-point collicular organization in the cat SC. Judging from the data presented, Edwards (1977) mainly injected HRP into the lateral SC, whereas Magalhães-Castro et al. (1978) injected HRP into the medial SC. Methodological differences in injection location, depth, and volume between these studies might explain the difference in their results. These data show that a classification of CNs into inhibitory and excitatory populations is also an important factor in interpreting the pattern of commissurally projecting neurons. Specifically, using this approach, we showed that the patterns of laminar and mediolateral distribution of CNs differ for inhibitory and excitatory neurons. Inhibitory CNs of the rostromedial SC project throughout the lateral SC (Figs. 7 and 8) , those in the rostrocentral SC project throughout the central SC (Figs.  1 and 4) , and those in the rostrolateral SC project throughout the medial SC on the opposite side (Fig. 10) . In addition, commissural fibers labeled after DB injection into the lateral SC project to the SGI of the opposite medial SC (Fig. 8E) , where TRNs projecting to the FFH and/or the IBN area are located. This morphological finding supports the previous electrophysiological conclusion that inhibitory CNs in the lateral SC exert monosynaptic inhibition on TRNs in the opposite medial SC, and vice versa (Takahashi et al. 2007 ). Although it is generally assumed that the point-to-point commissural connections exist between the two SCs, mirror-symmetric relationship did not exist for inhibitory commissural connections between the homonymous parts of the rostral SCs; instead, the reciprocal inhibitory commissural connections existed between the lateral part of one SC and the medial part of the other SC (Fig. 12) .
This study also showed that excitatory CNs had more focal projections in the opposite SC than inhibitory CNs, and excitatory commissural projections terminated in the mirror-symmetric part of the opposite rostral SC: medial CNs terminated in the medial part of the rostral SC and lateral CNs terminated in its lateral part (Figs. 9, 10 and 12). These excitatory CNs were mainly medium-sized and concentrated in the upper SGI and its adjacent SO. This finding is consistent with the data of Magalhães-Castro et al. (1978) that 80% of the commissural cells were located in the lower half of the SO and the upper half of the SGI. They presumably observed the distribution of excitatory CNs. A considerable proportion of these cells send their main axons to the FFH where excitatory burst neurons for vertical saccades are tuned (Fig. 11) .
In addition, small non-GABAergic CNs that were found in the SGI among the medium-sized CNs (Fig. 9) seemed to be excitatory. This interpretation is consistent with the anatomical finding that many small CNs are glutamatergic (Olivier et al. 2000) . Anterogradely labeled fibers from the SGI of the lateral SC terminated extensively in the SGI and SO of the mirrorsymmetric part of the opposite SC (Fig. 8E) , where retrogradely labeled medium-sized neurons were intermingled with labeled terminal boutons (Fig. 8F) . This finding gives morphological evidence to show the mirror-symmetric monosynaptic excitation of TRNs in the lateral SC caused by stimulation of the opposite lateral SC (Takahashi et al. 2007 ).
Some of the excitatory connections have been viewed as connecting fixation cells in the most rostral SCs (Munos and Istvan 1998). The excitatory commissural connections between the central areas of the rostral SCs were in fact identified in this study (Fig. 4D) . However, recent work suggested that all collicular neurons code for movement goals and not fixation per se . Neurons active during both microsaccades and voluntary saccades generally preferred voluntary saccades Ͻ5°in amplitude (Hafed et al. 2009 ). At present, neither the source of inputs to microsaccade-related neurons nor their projection targets are known. Excitatory and inhibitory commissural inputs onto microsaccade-related neurons in the rostral SC remain uninvestigated. Therefore further study of the underlying neural circuits is needed to understand the neural mechanisms of fixation and microsaccades in the SC. FIG. 12. Summary diagrams of excitatory and inhibitory CNs in the medial and lateral parts of the SC for upward (A) and downward saccades (B). Filled neurons, small GABAergic inhibitory neurons; open neurons, small, medium-sized and large excitatory neurons. SGS, stratum griseum superficiale; SO, stratum opticum; SGI, stratum griseum intermedium; SP, stratum griseum and album profundum; CG, central gray.
Functional roles of excitatory and inhibitory commissural connections
Based on these morphological and previous electrophysiological findings (Takahashi et al. 2005a (Takahashi et al. , 2007 of excitatory mirror-symmetric and inhibitory reciprocal commissural connections between the two SCs, we will consider the functional roles of inhibitory and excitatory commissural connections in relation to generation of horizontal and vertical saccades in the SCs. Inhibitory CNs in the horizontal saccade area around the horizontal meridian of the SC inhibit TRNs in the horizontal saccade area of the opposite SC (Fig. 3A) , so that, during horizontal saccades in one direction, horizontal saccades in the other direction are suppressed through collicular commissural inhibition. Furthermore, inhibitory CNs in the downward oblique saccade area of the lateral SC inhibit TRNs in the SGI of the upward oblique saccade area in the opposite medial SC (Fig. 8E) , so that, during downward oblique saccades in one direction, upward oblique saccades in the other direction are suppressed at the level of the SC, and vice versa (Fig. 12) . These reciprocal inhibition patterns between the SCs are very similar to those between the vestibular nuclei on the two sides of the brain stem (Kasahara and Uchino 1974) . This similarity between the saccadic and vestibuloocular systems may provide insight into the logic behind eye movement circuits as a whole.
Besides the vertical meridian representation of the motor map, all other positions on either side of the horizontal meridian in the SC represent oblique eye movements. When the upward oblique saccade area near the vertical meridian representation is activated in one SC, tectal CNs in this same area activate the upward oblique saccade area and inhibit the downward oblique saccade area in the opposite SC (Fig. 12A) . Therefore vertical upward components are activated bilaterally, although more strongly to the ipsilateral side. On the other hand, the horizontal components caused by activating the bilateral upward oblique saccade areas in the two SCs are directed in the opposite directions. However, the final horizontal components of the saccades might be directed to the contralateral side, because the outputs from the stronger SC are conveyed to the contralateral EBNs and IBNs, and these IBNs suppress EBNs, IBNs and abducens motoneurons on the opposite side (Sugiuchi et al. 2005) . The same might hold true for the downward oblique saccade area (Fig. 12B) . In contrast, during pure vertical upward or downward saccades, symmetric sites in the SCs might be simultaneously activated, and the horizontal components in the opposite directions cancel out through mutual inhibition between the IBNs on both sides, and only pure vertical components remain.
During pure upward vertical saccades, TRNs in the medial symmetric parts of both rostral SCs fire cooperatively through excitatory collicular commissural connections, and, at the same time, inhibitory CNs in the same medial part on one side fire and inhibit TRNs in the lateral part of the opposite SC. During pure downward vertical saccades, TRNs in the lateral symmetric parts of both rostral SCs fire simultaneously through excitatory commissural connections, indicating cooperation along the midline representation between the two colliculi. Simultaneously, inhibitory CNs in the same lateral parts of the SCs inhibit TRNs in the medial parts of the SCs on the opposite side, indicating that parts of the SC where mutually exclusive movements are encoded need to inhibit each other. As a consequence, the commissural connections between the two SCs can be considered to contribute to Listing's law. The saccade system has three degrees of freedom with which to perform the two-dimensional task of foveating targets (Straumann et al. 1991; Tweed and Vilis 1990; von Helmholtz 1962 ). Listing's law seems to be the brain's solution to this kinematic redundancy. Trochlear motoneurons receive excitation from the lateral part of the ipsilateral SC and inhibition from the medial part of the contralateral SC (Izawa et al. 2007 ). For example, the proposed circuit suggests that activation of the rostrolateral SC on the right side directly produces downward and clockwise torsional eye movements, from the point of view of the subject, and activation of the rostrolateral SC on the left side produces downward and counterclockwise eye movements. During vertical downward saccades, coactivation of TRNs in bilateral symmetric sites of the rostrolateral SCs might occur through the tectal commissural excitatory connections, so that the torsional components of individual eyes, which are induced in opposite directions by the two SCs, seem to cancel each other, leaving mainly vertical components of saccades. Similar coactivation of TRNs in the rotromedial SCs on both sides might also occur during vertical upward saccades. These tectotectal commissural functions might seem to minimize torsional movements of eyes and help to maintain Listing's law. Inputs to the SC from various areas in the CNS have been identified anatomically, but little information is available to show which collicular inputs could activate TRNs with commissural collaterals and intratectal excitatory and inhibitory CNs in the same area of the SC. Further study is needed to show the detailed neural circuits for activating TRNs and excitatory and inhibitory CNs in a functionally circumscribed area when the SC generates vertical and horizontal saccades.
